Spatial aliasing in multichannel seismic data can be overcome by solving an inversion in which the model is the section that would be recorded in a well sampled zero-offset experiment, and the data are seismic data after normal moveout (NMO). The formulation of the (linear) relation between the data and the model is based on the wave equation and on Fourier analysis of aliasing.
INTRODUCTION
The Nyquist (1928) condition for sampling a wave field is that the sampling interval may not exceed half the smallest wavelength. While this is achievable in two-dimensional (2-D) surveys, practical difficulties arise in three-dimensional (3-D) surveys. The result is a problem of missing data; one does not have enough data to sample the seismic wave field adequately.
On the other hand, it seems that one has too much data in multichannel seismic surveys; there are many traces in every common-midpoint (CMP) gather, and summing (stacking) is used to merge what seems to be redundant information from different channels. The questions are whether the information is redundant and whether summing is the optimal way to merge it. These questions, in a general context, have been discussed by several authors (Shannon, 1949; Linden, 1959; Papoulis, 1977; Brown, 1981) , and in particular they found that if a function is filtered by some independent filters before sampling, as ~&own in Figures I, a certairr anmurrt of aiiasing is allowed and one can still recover the original signal.
The same idea can be applied to seismic data (Bolondi et al., 1982; Claerbout, 1984, p. 219) . The earth' s image is the signal that is filtered by some different filters before subsampling. The Hj filters, based on the wave equation, in Figure 2 are the operators that produce seismic data for a given earth model and survey geometry. The data they produce may be aliased in each channel. but the combination of all channels can give a high-resolution image. 
Wave-equaiion Trace interpolation
The point is that aliasing can be overcome if the function 6i(.x) is filtered by some convolution filters hj before sampling. The data in channel j are samples from the function h,(x) * G(x). In the wavenumber domain, one has d,(k) = C h,(k -nk,)m(k -nk,s), forj=1,2 ,._., J.
In a matrix form, for five channels (J = 5) and three-fold aliasing (N = 3),
The solution of this system of equations interpolates on the x-axis because it extrapolates on the k-axis. The data are known up to the wavenumber kJ2, the model is found (in this case) for ) k ) c 3kJ2, because m(k), m(k -k,), and m(k + k,J are found for ) k ) < kJ2.
Multichannel abased seismic data
To apply the idea of equation (2) to reflection seismology, one must first describe the relations between the earth (the model) and the seismic data.
For the purpose of trace interpolation, I chose the model to be the section that would be recorded if a well-sampled, zerooffset survey were performed. The relationship between the zero-offset section and the earth' s reflectivity is approximately linear; the linear operator is poststack migration. Non-zero offset data are also approximately linearly related to the reflectivity; the linear operator is prestack migration. Both the zero-offset section and the non-zero offset section are linear with reflectivity; therefore, they are linearly related to each other; the linear operator is a prestack-partial migration also known as dip moveout (DMO).
The prestack migration process can be performed in three steps: normal moveout (NMO), DMO, and poststack migration (Figure 3 Equation (5) is a system of J x nt equations (one equation for every time sample of every common-offset section), with N x no unknowns for each wavenumber k. The matrix has J x N blocks with each block Q,? (k -nk,) being an nt x nw matrix. Solving this equation extrapolates the data in the offset direction (to zero offset), and also in the wavenumber direction from the low wavenumbers (k 1 < k,/2, on which the aliased data dj are given, to the full range (k 1 < Nk,/2 required to describe the unaliased zero-offset section.
This formulation is similar to the multichannel deconvolution given by Davies and Mercado (1968) . Both formulations involve inversion of large block matrices, except that here the blocks are inverse-DMO operators instead of convolutions.
Wave-equation trace interpolation in two steps
Conventional data processing does not involve inversion of huge matrices, such as the one in equation (5), and missing data are often assumed to be zero. Nevertheless, it works quite well when the data are not severely aliased.
If there is no spatial aliasing, then N = 1 in equation (5) 
The processing in equation (7) field data, one has to be more careful, because in practice the null space is composed of the eigenvectors that correspond to small (not necessarily zero) singular values. How small is small is determined by the noise level. The synthetic example is free of noise, so the null space is small and damping produces a reasonable model. Field data, however, have enough noise to require a more sophisticated estimation of the null space. The estimation of the null-space components is an optimization problem, the objective of which is to fit a priori assumptions. A safe a priori assumption is that the spatial spectrum of the earth model should be balanced.
A study of spatial abasing in multichannel seismic data (Rocca and Ronen, 1984) predicted that in the presence of spatial aliasing, when performing DMO and stacking there will be resonance wavenumbers for which the spectrum will have high amplitude. An a priori assumption is that these are artifacts.
This a priori assumption can be used in an iterative optimization scheme (such as the conjugate gradient method). Each iteration can involve, in addition to the usual conjugategradient routine, the following spectral balancing procedure:
(1) Transforming the raw model into the wavenumber-time (k, r) domain.
(2) Calculating the input envelope (a leaky integration of the absolute values will do). The expected envelope is calculated based on the input envelope monotonously decreasing with wavenumber.
(3) Dividing the input by its envelope, and multiplying by the expected envelope. R0n0ll offset section (Figure 12) , is significantly better than what is achieved by DMO stacking (Figure 14) , and tremendously better than the result of NM0 and stacking (Figure 7 ).
CONCLUSIONS
The trace-interpolation method is based on the wave equation and on an a priori assumption of a smooth spatial spectrum.
Two alternative methods of trace interpolation presented are a poststack process (on synthetic data) and an iterative, conjugate-gradient scheme (on field data). The poststack process involves large matrix multiplication and inversion and is too costly to be applied to field data. The iterative method, a combination of conjugate-gradient and spectral balancing, was successfully applied to field data. In both methods, the first step, or first iteration, is DMO and stacking. 
